Abstract. It has been reported that long form collapsin response mediator protein-1 (LCRMP-1) promotes the metastasis of non-small cell lung cancer. Osteosarcoma (OS) is a human cancer with a high potential for metastasis. The present study aimed to investigate the role of LCRMP-1 in OS metastasis. The expression of LCRMP-1 in OS specimens and cell lines was evaluated using reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and western blot analysis. Furthermore, the migration and invasion of OS cells with LCRMP-1-knockdown was investigated to examine the role of LCRMP-1 in OS metastasis. In addition, the expression of N-cadherin and matrix metalloproteinases (MMPs), which are involved in cell migration, was evaluated using RT-qPCR. Increased expression of LCRMP-1 was observed in the OS tissues and cell lines, accompanied by the enhanced migration and invasion of the OS cells. LCRMP-1-knockdown resulted in a significant decrease in the expression of N-cadherin and MMPs, as well as inhibition of the migration and invasion of the OS cells. Overexpression of LCRMP-1 promoted OS metastasis. Therefore, LCRMP-1 may be a promising target for the effective treatment of OS.
Introduction
Osteosarcoma (OS) is the most common primary bone malignancy, occurring predominantly in the long bones of children and young adults. Long-term survival rates have improved from <20% to 65-70% following the advent of multiagent chemotherapy regimens (1) . It is estimated that the annual incidence of osteosarcoma is 4-5 cases per 1,000,000 individuals worldwide (2) . Due to its high propensity for distant metastasis (typically to the lungs), OS is one of the leading causes of cancer-associated mortality in adolescents (3). Metastasis, a major cause of cancer treatment failure and mortality, is a complex process in which various events are involved, including cell migration, angiogenesis, adhesion and cell proliferation (4) . While the molecular mechanisms underlying cancer metastasis remain to be fully elucidated, it has been reported that a number of inducers and suppressors have significant roles.
Collapsin response mediator protein-1 (CRMP-1), a member of the CRMP family, is involved in cortical neuronal migration via reelin signaling (5) . CRMP-1 has been observed to be a cancer invasion suppressor (6) . In addition, a negative association between CRMP-1 expression and cancer cell invasiveness has been observed in non-small cell lung cancer (NSCLC) patients (7). Pan et al identified a novel isoform of CRMP family proteins in 2008, which was termed long form CRMP-1 (LCRMP-1) (8) . In contrast to CRMP-1, which inhibits the migration and invasion of NSCLC, LCRMP-1 promotes filopodia formation, cancer cell migration and invasion, resulting in poor clinical outcomes in NSCLC patients (9) . Therefore, LCRMP-1 is an invasion enhancer in NSCLC.
As OS has a high propensity for metastasis, and LCRMP-1 is able to promote the metastasis of NSCLC, it may be useful to identify whether LCRMP-1 is involved in the metastasis of OS. In the present study, the expression of LCRMP-1 was investigated and compared in OS patients and cell lines, as well as in a normal osteoblast cell line. In addition, migration and invasion assays were performed to investigate the migration and invasion of OS cells.
Materials and methods
Ethical approval. All human experiments were approved by the First Affiliated Hospital of Jinan University (Guangzhou, China). All experiments using human specimens were performed in accordance with the ethical standards set out in the 1964 Declaration of Helsinki and its later amendments. Informed consent was received from all participants prior to commencement of the study. supplemented with 10% fetal bovine serum (FBS), penicillin (100 U/ml), and streptomycin (100 µg/ml) at 37˚C in a humidified atmosphere with 5% CO 2 .
A lentiviral (LV)-008 vector (Forevergen Biosciences, Guangzhou, China) with a U6 promoter was used to generate the recombinant lentivirus plasmid encoding small hairpin (sh)-LCRMP-1. The si-LCRMP-1 sequence was as follows: 5'-CAG CGA GGA CAC GGC CAG CGA-3'. HEK 293T cells (Forevergen Biosciences) were cotransfected with LV-008 and packaging vectors (Forevergen Biosciences), and the culture supernatant was harvested following 48 and 72 h of transfection. The OS MG63 cells were infected by sh-LCRMP-1 (shp300) and sh-scramble [negative control, (NC)] in the presence of 5-10 µg/ml Polybrene (Santa Cruz Biotechnology, Inc., Dallas, TX, USA), respectively. After 48 h, the cells were grown in DMEM supplemented with 10% FBS, 100 U/ml penicillin and 100 µg/ml streptomycin with 2 µg/ml puromycin for 12 days, to generate OS MG63 sh-LCRMP-1 stable cell lines.
Migration assay. The cell migration assay was performed using Transwell cell culture chambers (EMD Millipore, Billerica, MA, USA). The OS MG63 cells were cultured in serum-free DMEM for 24 h. The cells were subsequently trypsinized and resuspended in serum-free DMEM. The cells (5x10 4 per well) were seeded into the upper chamber of the Transwell insert and incubated with 0.5% dimethyl sulfoxide (10 µM; Sigma-Aldrich, St. Louis, MO, USA) or deguelin (15 µM; Sigma-Aldrich), and 90% DMEM medium containing 10% FBS was added to the lower chamber and incubated for 48 h. Following incubation, the remaining cells in the upper chamber were removed. The migrated cells on the lower surface of the filter were fixed with 4% formaldehyde and stained with 2% crystal violet in 2% ethanol. The cells were subsequently counted and images were captured under a microscope (magnification, x200; Olympus BH-2; Olympus, Tokyo, Japan).
Invasion assay. The cell invasion assay was performed with similar methodology to the aforementioned migration assay, but with certain modifications. The filter membrane used in the invasion assay was coated with Matrigel (BD Biosciences). The cells on the lower surface of the filter were counted and images were captured under a light microscope (magnification, x200; Olympus BH-2). The invasive cells were fixed with 4% formaldehyde and stained with 2% crystal violet in 2% ethanol. Cell numbers were counted and expressed as the mean number of cells (mean ± standard deviation). Experiments were performed in triplicate.
Immunohistochemistry (IHC).
The specific rabbit anti-human anti-LCRMP-1 polyclonal antibody (C2) for western blotting and IHC was produced by the authors using a synthetic peptide derived from the unique N-terminal region of LCRMP-1, as described previously (6) . Formalin-fixed, paraffin-embedded sections (5-µm thick) were processed for IHC. Antigen retrieval was performed with microwave treatment in 10 mM citrate buffer (pH 6.0). The endogenous peroxidase activity was quenched by 3% hydrogen peroxide for 10 min. The sections were fixed using freshly prepared 4% paraformaldehyde, followed by permeabilization with 0.1% Triton X-100 in Tris-buffered saline and blocking in 5% FBS. The antigen was incubated with LCRMP-1 (C2) antibody overnight at 4˚C. Detection of the immunoreactive staining was performed using the Super Sensitive™ Polymer HRP Detection system (BioGenex, Fremont, CA, USA) according to the manufacturer's protocols. The intensity of anti LCRMP-1 staining was semiquantitatively analyzed. Briefly, the number of positively stained cells and total number of cells in a given area were evaluated by two pathologists in a blinded manner. If the amount of positively stained cells was ≤5% the tissue was considered to be negative, 6-25% was weak expression (+); and 26-50% was moderate expression (++). A total of at least 400 cells from five areas of individual tissue samples were evaluated. The non-tumor bone was stained with anti-LCRMP-1 antibody.
Western blot analysis. Samples were lysed in sample buffer [(50 mM Tris-HCl, pH 6.8; 10% glycerol, 2% sodium dodecyl sulfate (SDS), 0.000125% bromophenol blue and 5% β-mercaptoethanol] and subjected to SDS-polyacrylamide gel electrophoresis (10-40 µg protein of protein/lane), followed by incubation with rabbit anti-human anti-LCRMP-1 polyclonal antibody (C2), N-Cadherin (dilution, 1:1,000; catalog no., ab18203; Abcam, Cambridge, MA, USA), matrix metalloproteinase (MMP)-2 (dilution, 1:1,000; catalog no., ab37150; Abcam) and MMP-9 antibody (dilution, 1:1,000; catalog no., ab38898; Abcam). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH; dilution, 1:2,500; ab9485, Abcam) was used as a loading control. Subsequent to being washed five times with phosphate-buffered saline containing 0.1% Tween 20, the membrane was incubated with the goat anti rabbit IgG (H+L) secondary antibodies (catalog no., G-21234; GE Healthcare Life Sciences, Uppsala, Sweden) for 1 h, and bands were detected by enhanced chemiluminescence (Forevergen Biosciences).
Total RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was isolated from 5x10 6 cells using TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), according to the manufacturer's protocol. Initially, RNA was reverse transcribed using M-MLV Reverse Transcriptase (M1705; Promega Corporation, Madison, WI, USA) according to the manufacturer's protocol. qPCR was performed on a MiniOpticon™ Real-Time PCR system (Bio-Rad Laboratories, Inc., Hercules, CA, USA) using 20 µl reaction mixture, according to the manufacturer's protocol. The reagent used in qPCR was GoTaq ® qPCR Master Mix (A6002; Promega Corporation). GAPDH was the internal control (Gene ID, 2597). The oligonucleotide primers used were as follows: LCRMP-1 forward, 5'-GGA GGC AGC GAG GAC AC-3' and reverse, 5'-CGT CAG CAT AAA GGG ATT GG-3'; and GAPDH forward, 5'-GAG TCA ACG GAT TTG GTC GT-3' and reverse, 5'GAC AAG CTT CCC GTT CTC AG-3' , provided by Forevergen Bioscience. The product signals were detected using SYBR Green. The PCR amplification program consisted of denaturation at 95˚C in advance for 2 min, followed by 40 cycles, each cycle consisting of denaturation at 95˚C for 15 sec, annealing and extension at 60˚C for 30 sec. The expression level of LCRMP-1 relative to that of GAPDH was defined as 2 -ΔΔCq = 2
-[(ΔCq) LCRMP-1 -(ΔCq) GAPD H] (10). All experiments were repeated thrice.
Statistical analysis. All statistical analyses were performed using the SPSS 19.0 statistical software package (IBM SPSS, Armonk, NY, USA) Data are expressed as the mean ± standard deviation. Statistical significance was determined by an analysis of variance. P-values of <0.05 were considered to indicated a statistically significant difference.
Results

Upregulation of LCRMP-1 in osteosarcoma specimens and cell lines.
The expression of LCRMP-1 in OS and normal tissues was evaluated using IHC. The expression of LCRMP-1 in the OS specimens was significantly increased compared with that in normal bone tissues (Fig. 1) . Western blot and RT-qPCR analyses were subsequently performed to evaluate the expression of LCRMP-1 at the protein and mRNA levels in the OS SAOS2, MG63 and U2OS cell lines. The results of the present study showed that LCRMP-1 mRNA and protein levels were significantly increased in the OS cell lines compared with the levels in osteoblast cells (P<0.05), and that the MG63 cells demonstrated the highest expression of LCRMP-1 ( Fig. 2A and B) . This suggested that LCRMP-1 was overexpressed in OS, and that it may have a significant role in OS development and progression. To investigate the potential role of LCRMP-1 in the migration and invasion of OS cells, migration and invasion assays were performed in the OS SAOS2, MG63 and U2OS cell lines. As shown in Fig. 2 , the migrated and invasive cells were stained, and the number of stained cells represented the migratory and invasive ability of the OS cells. Increased migration and invasion abilities were observed in the three OS cell lines. In addition, migration and invasion abilities were consistent with LCRMP-1 expression in each cell line. Among the three OS cell lines, the MG63 cells demonstrated the highest migration and invasion abilities (P<0.05; Fig. 2) . Therefore, the MG63 cell line was used in follow-up experiments to further investigate the role of LCRMP-1 in the migration and invasion of OS cells by knockdown of LCRMP-1. in tumor cell migration and invasion was examined in cells that constitutively expressed si-LCRMP-1 and in control cells. Western blot and RT-qPCR analyses showed that LCRMP-1 expression was significantly decreased in the sh-LCRMP-1 cells compared with that in the control and negative control cells (scramble) (P<0.05). In addition, reduced expression of migration and invasive factors, including N-Cadherin, MMP-2 and MMP-9, at the protein and mRNA levels was observed in the sh-LCRMP-1 cells (P<0.05; Fig. 3A and B) . Migration and invasion assays were subsequently performed to evaluate the effects of LCRMP-1 downregulation on OS metastasis. As shown in Fig. 3C and D, LCRMP-1-knockdown significantly inhibited the migration and invasion of the MG63 cells compared with the control and scrambled cells (P<0.05). The 
Knockdown of LCRMP-1 suppresses OS cell migration
Discussion
Osteosarcoma is the most common primary bone malignancy in children and adolescents, accounting for ~20% of all bone cancer cases. In total, 15-25% of OS cases metastasize (primarily to the pulmonary system), resulting in failure of anticancer treatments in OS patients. It has been reported that the 5-year disease-free survival of OS patients with metastasis is 10-20%, while in patients without metastasis, the rate is 60-70% (11, 12) . However, the molecular mechanisms underlying OS metastasis largely remain to be elucidated, therefore, the identification of novel factors involved in OS metastasis has significant and potential applications in anticancer treatments for OS patients.
LCRMP-1 is a newly identified tumor enhancer in NSCLC patients. A previous study showed that LCRMP-1 overexpression promoted cancer cell invasion in vitro and in vivo, and that it was associated with poor overall and disease-free survival in NSCLC patients (8) . It has also been shown that LCRMP-1 enhances filopodia formation and is phosphoregulated by glycogen synthase kinase 3β in NSCLC cells (9, 13) . The results of these previous studies led the present study to investigate the role of LCRMP1 in OS progression. In the present study, the results suggested that LCRMP-1 may promote the migration and invasion of OS cells.
The diagnosis of OS depends largely on biopsy and imaging examinations, and a failed early diagnosis of OS leads to delayed treatment (14) (15) (16) . In addition, certain patients still suffer from metastases and other complications following aggressive treatments, including ablation and chemotherapy, suggesting that OS is highly resistant to chemotherapy and has a high potential to metastasize (17, 18) . Therefore, novel approaches for diagnosis and novel drug targets are required. It has been reported that LCRMP-1 promotes the migration and invasion of NSCLC cells (8, 9) . In addition, increased expression of N-cadherin and MMPs following LCRMP-1 upregulation has confirmed that LCRMP-1 has a significant role in the migration, invasion and metastasis of tumor cells, as N-cadherin and MMPs are involved in epithelial-mesenchymal transition and remodelling of the extracellular matrix (19, 20) . In the present study, overexpression of LCRMP-1 was detected in OS cell lines. Furthermore, knockdown of LCRMP-1 resulted in significant downregulation of N-cadherin and MMPs (MMP-2 and MMP-9), which was consistent with the significantly reduced number of OS cells with migratory and invasive properties. The results of the present study suggest that LCRMP-1 may be able to promote OS metastasis, possibly via activation of N-cadherin and MMPs.
Previously, cancer cell lines derived from OS, including SAOS2, MG63 and U2OS, have been used as important models for studying the metastatic mechanisms of OS, through evaluating morphological behaviors and gene expression alterations (21) . In the present study, the results indicated that LCRMP-1 may promote the migration and invasion of OS cells. However, the downstream and upstream events of LCRMP-1 overexpression in OS require investigation in future studies to further understand the underlying molecular mechanisms.
In summary, the present study showed that LCRMP-1 was overexpressed in OS specimens and cell lines. LCRMP-1 promoted OS metastasis, possibly through the activation of N-cadherin and MMPs (MMP-2 and MMP-9). The results of the present study suggest that LCRMP-1 may be a potential target for the effective treatment of metastatic OS.
